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INFLUENCE OF SOLAR RADIATION PFGZSURE ON ORBITAL ECCENTRICITY 

OF A GRAVITY-GRADIENT ORIENTED LENTICULAR SATELLITE 

By W. F. Hodge 

NASA Langley Research Center 

The change i n  t h e  o r b i t a l  eccen t r i c i ty  of a passive i n f l a t a b l e  len- 
t i c u l a r  s a t e l l i t e  due t o  s o l a r  r ad ia t ion  pressure i s  inves t iga ted  t o  
determine i f  t h e  change becomes l a rge  enough t o  cause d i f f i c u l t y  i n  
using g rav i ty  gradient f o r  a t t i t u d e  control purposes. Numerical da ta  
f o r  a p e r f e c t l y  absorptive l e n t i c u l e  of 200-foot radius placed i n  an 
i n i t i a l l y  c i r c u l a r  2000-mile o r b i t  were calculated f o r  a range of o r b i t  
i n c l i n a t i o n s  from 0' t o  113O. 
were a l s o  generated t o  provirk a comparison with e s t ab l i shed  r e s u l t s .  
A l l  of t h e  ca lcu la t ions  cover s a t e l l i t e  l i f e t i m e s  up t o  1 year which i s  
of s u f f i c i e n t  duration i n  most cases t o  demonstrate any long-period va r i -  
a t i o n  i n  t h e  o r b i t a l  eccen t r i c i ty .  The r e s u l t s  show t h a t  t h e  e c c e n t r i c i t y  
can increase  i n  a yea r ' s  time from an i n i t i a l  value of 0.001 t o  values 
ranging from 0.04 t o  0.21, depending upon t h e  o r b i t a l  i nc l ina t ion .  
values appear l a rge  enough t o  warran t  carefu l  consideration i n  regard t o  
t h e  use  of g rav i ty  gradient f o r  a t t i t u d e  s t a b i l i z a t i o n  of low-density len- 
t i c u l a r  configurations since they  could lead t o  large-amplitude l i b r a t i o n s  
o r  uns tab le  a t t i t u d e  motion. A t  present,  mesh-type mater ia l s  are being 
s tudied  as a poss ib le  means of reducing the  s o l a r  pressure per turba t ions .  
When compared on an equivalent area-to-mass-ratio basis, the e f f e c t s  of 
s o l a r  r ad ia t ion  pressure on t h e  o r b i t a l  e c c e n t r i c i t i e s  of p e r f e c t l y  
absorptive l e n t i c u l a r  configurations and Echo-type spheres appear near ly  
t h e  same. The well-established r e s u l t s  f o r  spheres therefore  give a suf- 
f i c i e n t l y  accurate estimate of t he  o r b i t a l  motion of a l e n t i c u l a r  s a t e l -  

Corresponding data f o r  an Echo-type sphere 

These 

INTRODUCTION 

The e f f e c t  of o r b i t a l  eccen t r i c i ty  on a t t i t u d e  s t a b i l i t y  i s  an 
important problem with gravity-gradient sa te l l i tes  s ince  it can lead t o  
large-amplitude l i b r a t i o n s  o r  i n s t a b i l i t y .  
causes a forced l i b r a t i o n  i n  p i t c h  t h a t  increases  i n  amplitude with t h e  
e c c e n t r i c i t y .  
g rad ien t  or ien ted  l e n t i c u l a r  s a t e l l i t e s  which are being studied as a 
means of improving Echo-type passive communications satel l i tes .  Like 

E l l i p t i c a l  o r b i t a l  motion 

This problem i s  of i n t e r e s t  i n  t h e  case of grav i ty-  



Echo, they a r e  lightweight s t ruc tu res  and a r e  subject  t o  l a rge  changes i n  
o r b i t a l  e c c e n t r i c i t y  caused by so la r  r ad ia t ion  pressure.  
i t y  of t h e  Echo I o r b i t ,  f o r  example, pe r iod ica l ly  becomes as l a rge  as 
0.08 ( r e f .  1). It i s  therefore  of i n t e r e s t  t o  determine how l a rge  the  
eccen t r i c i ty  m i g h t  become f o r  low-density l e n t i c u l a r  s a t e l l i t e s .  The 
present paper descr ibes  a recent  study (ref.  2) of t h i s  problem f o r  t h e  
case of a p e r f e c t l y  absorptive l e n t i c u l a r  s a t e l l i t e .  

The eccent r ic -  

THE LENTICULAR SATELLITE CONCEPT 

One of t he  b a s i c  problems with communications s a t e l l i t e s  i s  t h a t  
t he  s ignal  power lo s ses  are l a rge  f o r  t h e  long transmission paths t h a t  
a r e  involved. For active-type s a t e l l i t e s ,  these  lo s ses  can b e  reduced 
through t h e  use of spacecraf t  antenna gains ,  and ampl i f ie rs .  I n  t h e  
case of passive r e f l e c t o r s ,  such as Echo-type spheres, the  s t rength  of 
t he  r e f l ec t ed  s igna l  v a r i e s  d i r e c t l y  as the  e f f ec t ive  a rea  of t h e  
r e f l ec t ing  surface and inverse ly  as t h e  square of t h e  wavelength. Since 
it i s  not des i rab le  t o  vary t h e  wavelength appreciably because of noise 
considerations,  it appears t h a t  t h e  only p r a c t i c a l  way t o  increase t h e  
s ignal  power of a passive r e f l e c t o r  would be t o  enlarge i t s  e f f e c t i v e  
area. Ordinar i ly ,  t h i s  means adding weight which tends t o  become pro- 
h ib i t i ve ,  i n  terms of booster  payloads, before  a s ign i f i can t  gain i n  
s ignal  power i s  rea l ized .  

The l e n t i c u l a r  concept o f f e r s  a way of increasing t h e  e f f e c t i v e  
a rea  without adding weight by tak ing  advantage of t h e  f a c t  t h a t  only a 
r e l a t i v e l y  small segment of a sphere can be used f o r  r e f l e c t i n g  communi- 
cat ions s igna ls .  (See f i g .  1.) The idea i s  t o  eliminate a l l  bu t  t h e  
usable segment of t he  sphere, which i s  a s m a l l  po la r  cap on the  s ide  
facing t h e  ea r th ,  then use the  weight saved t o  bu i ld  a l a r g e r  segment. 
Two such polar  cap segments, joined along t h e i r  chord c i r c l e s  t o  provide 
an in f l a t ab le  s t ruc tu re ,  form the  b a s i c  l e n t i c u l a r  configuration. This 
type of s a t e l l i t e  obviously requi res  radial  a t t i t u d e  o r i en ta t ion  s ince 
i t s  symmetry axis must cont inual ly  poin t  along the  l o c a l  v e r t i c a l  i n  
order  t o  function properly as a passive communications l i n k .  Gravity- 
gradient systems are des i rab le  f o r  t h i s  purpose s ince they provide 
r a d i a l  a t t i t u d e  o r i en ta t ion  and a r e  inherent ly  passive devices.  

PERTURBATION CALCULATIONS 

The per turbing fo rce  exerted by s o l a r  r ad ia t ion  pressure i s  gen- 
e r a l l y  d i f f i c u l t  t o  determine because of complexities introduced by t h e  
r e f l ec t ive  proper t ies  of the  body on which it a c t s .  A pe r f ec t ly  absorp- 
t i v e  s a t e l l i t e  was se lec ted  f o r  i n i t i a l  study s ince  most of t he  complex- 
i t i e s  can be avoided with t h i s  type of surface,  and t h e  o r b i t a l  data can 
be compared d i r e c t l y  with corresponding r e s u l t s  f o r  Echo-type spher ica l  
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configurat ions.  Direct  comparisons a r e  suggested by t h e  r e s u l t  with 
Echo I that good agreement between theory and observation i s  obtained 
when only t h e  fo rces  due t o  the  d i r e c t  so la r  r ad ia t ion  a r e  considered. 
I n  t h i s  case, the so la r  pressure per turbat ions are e s s e n t i a l l y  the same 
f o r  spheres regardless  of whether t h e i r  surfaces a r e  p e r f e c t l y  absorp- 
t i v e  o r  p e r f e c t l y  r e f l e c t i v e .  

For a p e r f e c t l y  absorptive s a t e l l i t e  of given mass, t h e  so l a r  pres- 
sure force  v a r i e s  d i r e c t l y  as the  e f f ec t ive  a rea  exposed t o  so l a r  radia- 
t i o n .  Since l e n t i c u l a r  s a t e l l i t e s  must be or ien ted  t o  always face  t h e  
ea r th ,  t h e  a rea  exposed t o  t h e  sun w i l l  not be constant as i n  the  case 
of a sphere, bu-t w i l l  vary cont inual ly  over each o r b i t a l  revolut ion as 
indicated i n  f igure  2. I f  t h e  sun d i rec t ion  i s  p a r a l l e l  t o  the  o r b i t  
plane as shown, the  exposed area w i l l  o s c i l l a t e  between t h e  lens-shaped 
area  a t  po in ts  Q and the  c i r c u l a r  one a t  po in ts  P twice each o r b i t a l  
revolut ion provided shadowing by t h e  ea r th  i s  ignored. No va r i a t ion  
occurs f o r  t he  case where t h e  sun's rays  are normal t o  t h e  o r b i t  plane, 
and t h e  exposed area remains equal t o  i t s  value a t  po in ts  Q. 
t he  shadow region where t h e  so l a r  pressure force  i s  zero, it i s  c l e a r  
t h a t  t h i s  va r i a t ion  i n  e f f ec t ive  a rea  depends so l e ly  on t h e  angle between 
the  sun d i r ec t ion  and t h e  s a t e l l i t e  symmetry axis. 

Except f o r  

Although t h e  r e su l t i ng  va r i a t ion  i n  t h e  d is turb ing  force appears t o  
be pr imar i ly  a short-period e f f e c t  t h a t  would be expected t o  average out 
with l i t t l e  o r  no change i n  the o v e r a l l  r e s u l t s ,  it w a s  decided t o  calcu- 
l a t e  i t s  inf luence t o  be sure  no long-period changes which could be sig- 
n i f i c a n t  a r e  overlooked. Per fec t  a t t i t u d e  o r i en ta t ion  was assumed f o r  
t h e  study so t h a t  t h e  e f f e c t  of t h e  va r i a t ion  due t o  t h e  l e n t i c u l a r  shape 
alone could be determined. An ex i s t ing  computer program (Lifetime 18), 
modified t o  handle l e n t i c u l a r  configurations,  was used t o  ca l cu la t e  t he  
data f o r  t h e  study. This program, which was developed a t  t h e  NASA 
Goddard Space F l ight  Center, employs a variation-of-parameters method and 
provides time h i s t o r i e s  of the  s a t e l l i t e ' s  o r b i t a l  elements. 

RESULTS AND DISCUSSION 

Data f o r  a 770-pound l e n t i c u l a r  s a t e l l i t e  of 200-foot radius ,  which 
has  a maximum area-to-mass r a t i o  of nearly 1% cm*/gm as compared t o  
about 120 f o r  Echo I, were generated f o r  seven o r b i t a l  i nc l ina t ions  
ranging from 0' t o  113' t o  determine the e f f e c t  of t h e  sun pos i t ion  
r e l a t i v e  t o  t h e  o r b i t  plane.  The calculat ions,  which were based on an 
i n i t i a l  e c c e n t r i c i t y  of 0.001 and an i n i t i a l  a l t i t u d e  of 2000 nau t i ca l  
miles, provide time h i s t o r i e s  of the s a t e l l i t e ' s  o r b i t a l  elements f o r  a 
per iod of 1 year.  Only the  t i m e  h i s t o r i e s  of t h e  eccen t r i c i ty  a re  pre- 
sented, s ince those f o r  t h e  o ther  elements are not of i n t e r e s t  i n  t he  
present  paper. 
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An important consideration associated with t h e  o r i en ta t ion  of t h e  
o r b i t  plane r e l a t i v e  t o  the  sun d i r e c t i o n  i s  t h e  p o s s i b i l i t y  of resonant 
o r b i t a l  motion. For c e r t a i n  c r i t i c a l  o r i en ta t ions ,  t he  per turba t ions  
due t o  so l a r  r ad ia t ion  pressure can cause nonperiodic changes t h a t  would 
eventually des t roy  t h e  o r b i t  i f  allowed t o  continue f o r  a s u f f i c i e n t l y  
long period of t i m e .  The process by which resonant o r b i t a l  motion can 
occur i s  i l l u s t r a t e d  i n  f i g u r e  3 which represents  an i n i t i a l l y  c i r c u l a r  
o r b i t  o r ien ted  p a r a l l e l  t o  t h e  sun's rays.  A s  t h e  s a t e l l i t e  moves away 
from the  sun i n  the  region of point P, s o l a r  pressure acce le ra t e s  i t s  
motion and thereby causes it t o  seek a higher a l t i t u d e .  The s i t u a t i o n  
i s  reversed i n  t h e  v i c i n i t y  of point A where s o l a r  pressure dece lera tes  
t h e  motion, and causes t h e  s a t e l l i t e  t o  then seek a lower a l t i t u d e .  
The continuation of t h i s  process causes t h e  e c c e n t r i c i t y  t o  increase,  
and w i l l  c r ea t e  a perigee a t  P and an  apogee a t  A provided t h e  sun d i rec-  
t i o n  does not change r e l a t i v e  t o  the  aps ida l  l i n e  PA t h a t  i s  produced 
normal t o  t h e  sun l i n e .  Thus, resonance can occur whenever t h e  o r b i t a l  
i nc l ina t ion  i s  such t h a t  t h e  o r b i t  plane r o t a t e s  i n  s t ep  with t h e  sun ' s  
apparent motion. The o r b i t a l  i nc l ina t ions  used i n  the  study were chosen 
so tha t  some of t h e  resonant p o s s i b i l i t i e s  could be examined. 

The e c c e n t r i c i t y  data f o r  each of t he  seven cases a r e  p lo t t ed  i n  
f igure  4. All of these  curves exh ib i t  t h e  same type of large-amplitude, 
long-period va r i a t ion  t h a t  i s  obtained f o r  spher ica l  configurations.  
These r e s u l t s  i nd ica t e  t h a t  t h e  minimum amplitude occurs f o r  an inc l ina -  
t i o n  near 70'. However, t h i s  i n c l i n a t i o n  i s  c lose  t o  a resonant one and 
a change of j u s t  a few degrees could l ead  t o  very l a r g e  changes i n  t h e  
eccen t r i c i ty .  
chosen t o  correspond t o  resonances. These curves have no apparent period 
and exhib i t  a monotonic o r  secular type of resonant t r end .  Curves D, E, 
and F were not intended t o  have resonant c h a r a c t e r i s t i c s ,  bu t  t h e  o r b i t a l  
i nc l ina t ion  f o r  each i s  s u f f i c i e n t l y  c lose  t o  a resonant one t o  show a 
tendency toward a "stair-stepping" type of resonant behavior. These two 
types  of resonance a r e  sometimes re fer red  t o  as resonances of t h e  f i r s t  
and second kind, respec t ive ly .  

The i n c l i n a t i o n s  f o r  curves C and G of f i g u r e  4 were 

I n  addi t ion  t o  describing t h e  phys ica l  na ture  of resonances it i s  
of i n t e r e s t  t o  mention the  c r i t i c a l  conditions f o r  which they can occur. 
There are s i x  possible cases, which appear as conditions on t h e  r a t e s  
of change of t h e  long-period arguments i n  t h e  equations f o r  t he  pe r tu r -  
ba t ions  t o  t h e  o r b i t a l  elements. Since t h e  r e l a t i v e  o r i en ta t ion  of t h e  
o r b i t  and t h e  sun pos i t i on  v a r i e s  mainly with t h e  inc l ina t ion ,  semimajor 
a x i s ,  and eccen t r i c i ty  of t h e  o r b i t ,  t h e  s i x  resonant conditions f o r  a 
given o rb i t  may be p lo t t ed  as w a s  done i n  f i g u r e  5. 
each curve passes through zero correspond t o  resonances s ince  zero r a t e  
of change implies t h a t  t h e  o r b i t a l  elements w i l l  then change a t  a con- 
s t a n t  r a t e  i n  one d i r e c t i o n  as ind ica ted  i n  f igu re  3 .  

The po in t s  where 

A comparison of t h e  l e n t i c u l a r  and s p h e r i c a l  configurations,  i s  
presented i n  f igure  6 f o r  two of t h e  seven i n c l i n a t i o n s  used i n  f i g u r e  4. 
These curves show that t h e  change i n  e c c e n t r i c i t y  i s  nea r ly  t h e  same 
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when t h e  two configurations a re  compared on an  equivalent area-to-mass- 
r a t i o  b a s i s .  The d i f fe rences  i n  t h e  curves f o r  each case a re  due mainly 
t o  a s l i g h t  e r r o r  introduced i n  using a single area-to-mass r a t i o  f o r  
t h e  sphere t o  represent t h e  average value of the  l e n t i c u l e  f o r  t h e  e n t i r e  
year.  This procedure has t h e  e f f e c t  of averaging out t h e  long-period 
v a r i a t i o n  i n  t h e  area-to-mass r a t i o  of the l e n t i c u l e  due t o  t h e  annual 
v a r i a t i o n  i n  t h e  angle between t h e  o r b i t  plane and the sun d i r ec t ion .  
However, t h e  r e s u l t s  genera l ly  show that t h e  e r r o r  due t o  neglecting t h i s  
long-period va r i a t ion  i s  not l a rge .  On this basis, it appears t h a t  rea- 
sonably accurate r e s u l t s  can be obtained using an average area-to-mass 
r a t i o  t o  account f o r  per iodic  va r i a t ions  i n  t h e  s o l a r  pressure d is turb ing  
force  t h a t  occur f o r  nonspherical s a t e l l i t e s .  

Although t h e  t o l e r a b l e  l i m i t s  of eccen t r i c i ty  w i l l  vary with t h e  
p a r t i c u l a r  appl ica t ion ,  t h e  r e s u l t s  f o r  the  configuration considered 
here appear l a rge  enough t o  warrant carefu l  consideration. The s i t u a t i o n  
i s  such t h a t  a t t i t u d e  s t a b i l i t y  might s e t  t h e  l i m i t  i n  one case, while 
o ther  requirements such as s t a t i o n  keeping may be c r i t i c a l  f o r  another.  
A l a r g e  p a r t  of t h e  work on passive communications s a t e l l i t e s  a t  t h e  
NASA Langley Research Center since Echo I w a s  o rb i t ed  has been devoted t o  
developing t h e  technology i n  a r eas  such a s  passive a t t i t u d e  cont ro l  and 
s t a t i o n  keeping. This work has included study con t r ac t s  with indus t ry  
as we l l  a s  severa l  in-house s tudies .  It i s ,p l anned  t o  make use of t h e  
r e s u l t s  from these  e-fforts i n  a general  systems study t o  determine what 
the l i m i t a t l o n s  a r e  regarding o r b i t a l  eccen t r i c i ty  and o ther  re levant  
considerations.  

I n  connection with t h e  r e s u l t s  presented here,  it i s  of i n t e r e s t  t o  
mention that p a r t  of t h e  e f f o r t  i n  these previous s tud ie s  has been 
d i r ec t ed  toward f ind ing  a p r a c t i c a l  way of avoiding o r  reducing t h e  
e f f e c t s  of s o l a r  r ad ia t ion  pressure.  The use of wire g r i d  o r  mesh 
ma te r i a l s  shows promise of reductions tha t  should be adequate i n  most 
cases. Simple i n t e n s i t y  measurements for  mesh samples and small models, 
using a sch l i e ren  system as indicated i n  f i gu re  7, suggest t h a t  t h e  
reduction should be a t  l e a s t  70 percent or more. However, t h i s  approach 
i s  not completely des i r ab le  f o r  appl ica t ions  where s t a t i o n  keeping i s  
required s ince  t h e  most promising passive technique f o r  t h i s  purpose 
involves using t h e  s o l a r  pressure forces r a t h e r  than eliminating them. 
The p o s s i b i l i t y  of adding so la r  sails t o  a wire-mesh l e n t i c u l e  i s  cur- 
r e n t l y  being studied as a means of developing a station-kept l e n t i c u l a r  
sa te l l i t e .  
e r ab le  a t t e n t i o n  i n  the  planned systems study and o ther  fu tu re  work. 

Advanced concepts of t h i s  type w i l l  probably receive consid- 

CONCLUDING REMARKS 

A study of t h e  o r b i t a l  motion of a gravity-gradient or ien ted  len- 
t i c u l a r  s a t e l l i t e  has ind ica ted  t h a t  solar r ad ia t ion  pressure a l t e r s  
t h e  o r b i t a l  e c c e n t r i c i t i e s  of l e n t i c u l a r  and spher ica l  configurations 



i n  much the same manner. The following remarks a r e  s t a t e d  on t h e  basis 
of the r e s u l t s  obtained: 

1. The so la r  pressure per turba t ions  fo r  low-density l e n t i c u l a r  
s a t e l l i t e s  a r e  s u f f i c i e n t l y  severe that  a means of con t ro l l i ng  t h e  
o r b i t a l  e c c e n t r i c i t y  appears necessary unless  t h e  problem can be sub- 
s t a n t i a l l y  avoided through t h e  use of mesh materials or some o the r  
means. 

2 .  The o r b i t  o r i en ta t ion  should be  chosen t o  avoid the  c r i t i c a l  
o r b i t a l  i nc l ina t ions  f o r  which resonant changes i n  t h e  s a t e l l i t e ' s  
o r b i t a l  elements can occur. 

3 .  The use of an average value f o r  the s o l a r  pressure d is turb ing  
force  y i e l d s  reasonably accurate r e s u l t s  f o r  t h e  o r b i t a l  motion of a 
l e n t i c u l a r  s a t e l l i t e .  
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